When the filamentous, nitrogen-fixing cyanobacterium Anabaena variabilis ATCC 29413 was subjected to nitrogen starvation under aerobic conditions, a complex series of events was initiated which resulted in heterocyst formation and derepression of the ability to fix dinitrogen. Using DNA-RNA hybridization techniques, we monitored the expression of several genes during nitrogen starvation and correlated changes in the mRNA levels with changes in enzyme activity, protein levels, and morphology. Nitrogenase mRNA was first observed after about 8.5 h of nitrogen starvation, as was nitrogenase activity. Late proheterocysts were present at that time. 
Cyanobacteria respond to nitrogen starvation with numerous, complex changes in cell structure, metabolism, and gene expression. In filamentous, nitrogen-fixing cyanobacteria, nitrogen starvation initiates events which culminate in heterocyst formation and derepression of the ability to fix nitrogen. During heterocyst development synthesis of new cell components, including a three-layered envelope, and reorganization of preexisting structures may be observed. For instance, the thylakoid membranes are rearranged, and certain cell inclusions disappear. Photosystem II activity is lost, and ribulosebisphosphate carboxylase and some other proteins that are required for photosynthesis are degraded (13, 14, 30) . Complex changes in gene expression occur, with many genes being turned on or off.
In all cyanobacteria, nitrogen starvation stimulates degradation of nitrogen storage materials. Both phycocyanin and cyanophycin are degraded to provide a temporary source of fixed nitrogen, and specific proteases are synthesized to hydrolyze these compounds (2, 12) .
Most of the studies mentioned above examined changes in protein levels or were primarily microscopic (electron and light microscopic) studies of changes in cell structure. There have been comparatively few investigations of changes in gene expression at the RNA level during nitrogen starvation in cyanobacteria. Transcription is required for heterocyst development (28) , and many heterocyst-specific transcripts are synthesized during development (23) . We (17) ; pAN120, which is pBR322 with a 3.9-kb ClaI insert containing the A. variabilis cpcA and cpcB genes (18) ; and pAN121, which is pBR322 with a 1.5-kb NheI fragment containing the Anabaena variabilis apcA and apcB genes (18) .
Growth conditions. A. variabilis cultures were routinely grown in BG-11 medium (27) coli strains containing the desired plasmids were grown on M9 medium at 37°C (24) .
Nitrogen starvation experiments. A culture was grown as described above until the optical density at 600 nm was 0.5 to 0.7, and the cells were collected by centrifugation at 7,500 x g for 5 min at 10°C. Filament fragments were produced by a modification of the procedure originally described by Wolk (29) . The cells, which were suspended at 1/40 their original volume in nitrogen-free AAI8 medium (1), were gently sonicated as described previously (18) . The resulting filament fragments were washed twice, suspended at one-fourth their original volume in AA/8 medium containing 10 mM fructose, and incubated under growth conditions. Twentymilliliter samples from the nitrogen-starved cultures were removed at the desired times, and total cell RNA was prepared as described previously (18) . Specific mRNA levels were then determined by DNA-RNA hybridization as described below.
mRNA half-life experiments. The half-life for A. variabilis total mRNA was determined essentially as described by Leach and Carr (22) .
[3H]uracil (5 ,uCi/ml) was added to an exponentially growing culture which was then incubated under growth conditions for 15 min. At that time, rifampin (400 ,ug/ml) was added, and incubation was continued for a total of 60 min. At time zero and at selected times, 1-ml portions were removed from the labeled culture, 150 p.1 of cold 50% (wt/vol) trichloroacetic acid and 50 p,l of bovine serum albumin (2 mg/ml) were added, and the samples were chilled in ice for 60 min. The precipitates were collected on Whatman GF-C filters (Whatman, Inc., Clifton, N.J.), washed three times with cold 10% (wt/vol) trichloroacetic acid, and washed twice with cold 95% (vol/vol) ethanol. The filters were dried, and radioactivity was determined by liquid scintillation counting. In control samples, greater than 95% of the [3H]uracil counts were no longer trichloroacetic acid precipitable when samples were digested with NaOH prior to precipitation. Thus, less than 5% of the counts were incorporated into DNA.
To measure the stability of cpc and apc transcripts, the following procedure was used. A culture was grown with NH4Cl to an optical density at 600 nm of 0.5 to 0.7, and the cells were collected by centrifugation. Part of the cells were suspended in AA/8 medium (under nitrogen starvation conditions), while part of the cells were suspended in BG-11 medium plus 2 mM NH4Cl (control). At time zero rifampin (400 ,ug/ml) was added, and the cultures were incubated under conditions that were otherwise suitable for growth. At desired times, 20-ml portions were removed from the cultures, and total RNA was prepared (18) . Levels of the cpc and apc transcripts were determined by slot-blot hybridization as described below.
DNA-RNA hybridization analysis. Dot-blot hybridizations were performed as described previously (18) . For slot-blot hybridizations, purified RNA was diluted to the desired concentrations, denatured, and applied to nylon membranes with a Minifold II Slot-Blotter (Schleicher & Schuell, Inc., Keene, N.H.) by using the protocol recommended by the manufacturer. The filter was hybridized as described previously for dot-blot hybridizations (18) . The 2.8-kb HindIII fragment of pAN103 was used as a probe for nitrogenase mRNA, the 3.9-kb ClaI fragment of pAN120 was used for phycocyanin mRNA, and the 1.5-kb NheI fragment of pAN121 was used for allophycocyanin mRNA. The resulting autoradiograms were analyzed by densitometry to obtain an estimate of relative mRNA concentrations in the samples.
DNA preparation and recombinant DNA techniques. Standard procedures were used for preparation of plasmid DNAs and for nick translations (24) . Nitrogenase activity measurement. Whole-cell nitrogenase activity was determined by the acetylene reduction method described previously (16) .
RESULTS
Gene expression during nitrogen starvation. Our first experiments were designed to follow the time course of gene expression in A. variabilis during nitrogen starvation under aerobic conditions. Previously, we described methods for producing short fragments from filaments of vegetative cells by gentle sonication (18) . Such fragments, which average three to four cells in length, each produce a heterocyst under aerobic, nitrogen starvation conditions. Consequently, the percentage of heterocysts was increased from 7 to 8%, which was obtained without fragmentation, to 20 to 25%. This technique has proved very useful in experiments in which large numbers of purified heterocysts are needed. In addition, filament fragments develop heterocysts more synchronously than do filaments from exponentially growing cultures which may contain 25 to 50 cells. Thus, filament fragments were used in this study.
An exponentially growing culture (2 liters) which was grown with NH4Cl was fragmented, washed free of nitrogen compounds and cell debris, and transferred to nitrogen-free medium. At desired times samples were removed, and total cell RNA was prepared so that levels of particular mRNAs could be determined. The level of nitrogenase activity of whole cells was determined, and cells were also observed by phase-contrast microscopy to detect heterocyst formation.
The time course of the appearance of acetylene-reducing activity is shown in Fig. 1A . Enzyme activity was first observed at 8.5 h, at which time well-developed proheterocysts could be observed in most of the fragments. Nitrogenase activity increased rapidly for the next 4 h and then increased more gradually until the end of the experiment (18 h). Fully mature heterocysts appeared between 15 and 18 h.
The appearance of nitrogenase mRNA during nitrogen starvation is shown in Fig. 1B . Significant levels of mRNA were first observed at 8.5 h, the time at which acetylenereducing activity was first seen (Fig. 1A) . The nitrogenase mRNA level increased until 15 h and then leveled off. In other experiments in \which samples were taken more frequently, nif mRNA appeared 30 to 60 min before the appearance of nitrogenase activity (data not shown).
The levels of phycobiliprotein mRNAs were also followed during nitrogen starvation and heterocyst development. Both cpc ( Fig. 2A) and apc (Fig. 2B ) mRNAs decreased rapidly during nitrogen starvation; by 1 h their levels were less than 10% of the control levels. This parallels the rapid disappearance of phycocyanin protein which occurs during the first 2 h of nitrogen starvation (data not shown). At about 5.5 h, cpc and apc mRNAs increased about fivefold. They remained at this level until about 18 h, when they increased an additional two-to threefold to the approximate levels that were seen in ammonia-grown cultures. This final level was also the level that was observed in a culture which was grown for several generations under nitrogen-fixing conditions.
Effect of nitrogen starvation on apc and cpc mRNA halflives. An exponentially growing culture was briefly pulselabeled, and then the loss of [3H]uracil in trichloroacetic acid-precipitable material in the presence of rifampin was followed. From a plot of log counts per milliliter remaining (Fig. 3A) (Fig. 3A) . The half-life of apc mRNAs in the presence of NH4Cl was also approximately 16 to 18 (Fig. 3B) , and no apparent difference in half-life was seen under nitrogen starvation conditions (Fig. 3B) .
DISCUSSION
Under conditions of nitrogen starvation, nitrogenase mRNA and activity appeared at about the same time (about 8.5 h) in A. variabilis, with mRNA appearing slightly before enzyme activity, as was expected. (Fig. 1 ). This correlates with the appearance of well-developed proheterocysts, which are apparently required for protection from oxygen. We have shown that, under anaerobic conditions, mRNA and activity appear much earlier, at about 2 h (16).
Our results correlate well with those of previous investigations of heterocyst development, although mRNA levels were not examined in those studies. In Anabaena cylindrica, heterocysts and nitrogenase activity appeared after 14 h of nitrogen starvation (5) in one study and after about 30 h in another (20) . In Anabaena sp. strain PCC 7120 they appeared at about 25 h (7). The more rapid course of development in A. variabilis is consistent with the faster growth rate of this species.
Using inhibitors and pulse-labeling techniques, Van de Water and Simon (28) Expression of cpc and apc genes stopped rapidly during nitrogen starvation (Fig. 2) (26) . Phycocyanin is rapidly degraded during nitrogen starvation, and a specific protease is synthesized for this purpose (8, 31) in several Anabaena species. Mature heterocysts contain a small amount of phycocyanin and no allophycocyanin; no phycobiliprotein synthesis occurs in heterocysts (32) . This correlates with the very low levels of cpc and apc mRNAs in heterocysts (18) .
In unicellular cyanobacteria, nitrogen starvation also leads to degradation of phycobiliproteins (3, 21 variabilis mRNA of about 12 min. This is somewhat shorter than our estimates and may result from the fact that slightly different conditions were used. C. licheniforme mRNA has an averagd half-life of 29 min (26) . A half-life of 45 min was estimated for phycoerythrin mRNA in Fremyella diplosiphon by indirect methods (10) and not hybridization techniques. Unfortunately, no halflives for total mRNA or other specific mRNAs were reported in that study, so it is not clear whether the apparently long half-life is unusual or typical for this organism under these conditions. In A. variabilis, the mRNA half-lives that we observed were about 6 to 8 times those in E. coli, which is consistent with the differences in their growth rates.
In K. pneumoniae nif mRNA is subject to control at the level of mRNA breakdown. The half-life of nitrogenase mRNA decreased substantially (60 to 80%) in the presence of ammonia, oxygen, or high temperature (6, 19) compared with that in cells under anaerobic, nitrogen-limiting conditions at 30°C. Changes in mRNA half-lives are also important in the regulation of the puf operon of R. spheroides (33) and in regulating gene expression at different growth rates in E. coli (25) .
